A 3.7-kb cryptic plasmid designated pMGT was found in Magnetospirillum magneticum MGT-1. It was characterized and used for the development of an improved expression system in strain AMB-1 through the construction of a shuttle vector, pUMG. An electroporation method for magnetic bacteria that uses the cryptic plasmid was also developed.
Magnetic bacteria synthesize intracellular, single-domain, nanometer-sized particles of magnetite (1) enveloped by lipid membranes that include numerous proteins. Aqueous dispersion of bacterial magnetic particles (BMPs) allows the development of highly sensitive chemiluminescence-based enzyme immunoassays by the chemical coupling of antibodies onto BMP surfaces (4) . We have also previously reported applications of recombinant BMPs as novel bioassay platforms for protein display (12) and diagnosis of diabetes (19, 20) . The enormous potential of BMPs for nanobiotechnological applications calls for the development of cloning vectors for magnetic bacteria to allow convenient gene transfer and maximum expression.
We have previously isolated two facultatively anaerobic Magnetospirillum magneticum strains, AMB-1 (ATCC 700264) (7) and MGT-1 (FERM P-16617) (8) . The gene transfer system in M. magneticum AMB-1 magnetic bacteria was reported by our group (5) . We have performed transposon mutagenesis in order to elucidate the molecular mechanism of BMP formation (11, 22) . Electroporation has not been successfully applied in magnetic bacteria. Conjugative gene transfer was achieved (9) by using the broad-host-range vector pRK415 (3), but a low copy number was obtained. Replicons in the cryptic plasmids of magnetic bacteria may provide stable vectors yielding high copy numbers.
In the photosynthetic bacterium Rhodospirillum rubrum, which is genetically close to Magnetospirillum sp., broad-hostrange vectors were unstable for replication (14) . We previously screened small cryptic plasmids from marine Rhodobacter isolates and reported the construction of stable shuttle vectors containing the minimal replicon from a marine Rhodobacter isolate (10) . In this study, a new cryptic plasmid designated pMGT was also found in M. magneticum MGT-1. This is the first report of a small-sized cryptic plasmid in magnetic bacteria. pMGT is extremely stable, even under nonselective conditions. This characteristic is valuable for the construction of shuttle vectors.
The strains and plasmids used in this study are described in Table 1 . The complete nucleotide sequence of pMGT (submitted to the DDBJ database) was 3,741 bp, with a GϩC content of 59.2%, which is lower than that of the plasmid pNU73 from Pseudomonas fulva (percent identity and percent similarity, 33.0 and 55.8%, respectively; accession no. AB032348-1) and pLME108 from Propionibacterium freudenreichii (percent identity and percent similarity, 32.5 and 62.0%, respectively; accession no. AJ006662-1). ORF1 also has many amino acids that are conserved in all Rep proteins. ORF2 is 1,110 bp in size and is located at positions 2700 to 3741 and 1 to 64, corresponding to 369 amino acids with an estimated molecular mass of 40.3 kDa. The Shine-Dalgarno sequences were at positions 2694 to 2697. The deduced amino acid sequence showed high homology with the sequence of the Nterminal 170 amino acids of the Mob protein in plasmid pIP823 from Listeria monocytogenes (percent identity and percent similarity, 31.5 and 58.6%, respectively; accession no. U40997-4) (2) and of the whole Mob protein in plasmid pTB19 from Bacillus sp. (percent identity and percent similarity, 31.5 and 60.5%, respectively; accession no. JQ1212) (13) . Alignment of the deduced amino acid sequence of ORF2 with those of the Mob proteins from other plasmids showed weak but significant sequence identities; hence, ORF2 was putatively designated the mob gene. Thus, plasmid pMGT should be mobilizable.
To identify the minimum replication region of pMGT, several segments of pMGT were inserted into the EcoRI site of pSUP202 (17) and transferred into M. magneticum AMB-1 by conjugation (Fig. 1) . The XhoI-SmaI region of pMGT can replicate in M. magneticum AMB-1, but the HincII-SmaI region cannot. A typical plasmid replicon contains an origin sequence (ori) and a rep gene. The structural features of ori include the AT-rich region (15) . Positions 58 to 97 show a high AϩT content of 70.7%. In addition, many repeated sequences consist of nucleotide sequences more than 10 bp long within the XhoI-HincII region. Two hairpin structures were found at positions 266 to 298, with a 15-bp stem (⌬G ϭ Ϫ28.40 kcal/ mol) and a 5-bp loop, and at positions 350 to 388, with an 11-bp stem (⌬G ϭ Ϫ16.60 kcal/mol) and a 17-bp loop. The 3.0-kb XhoI-SmaI fragment containing the AT-rich region, and the putative Rep protein may therefore be the replication region. 
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Recombinant plasmid pUMG was constructed by ligating pUC19 at the BamHI site of pMGT. In addition, plasmid pMGTKm was constructed by inserting a kanamycin resistance cassette into the BamHI site of pMGT. Both of the constructed plasmids were transformed into Escherichia coli DH5␣MCR and JG112. Plasmid pUC19, containing pMB1 ori, was also used as a control. The replicon derived from pUC19 is unable to replicate in the polA mutant E. coli JG112, which lacks the polA gene, which encodes DNA polymerase I and is required for replication of ColE1 and pMB1 ori (21) . Therefore, replication of pUMG, which contains pMGT and pUC19 replicons, depended on pMGT ori in E. coli JG112. In addition, pMGTKm, containing only pMGT ori, was able to replicate in both E. coli strains. Thus, pUMG and pMGTkm containing the pMGT replicon are capable of replicating both in Magnetospirillum species and in E. coli.
Molecular genetic analysis of the mechanisms of BMP synthesis requires DNA transfer to the cell since homologous recombination of target genes is essential for this purpose. Several preliminary experiments demonstrated that the existence of intracellular BMPs caused cell death when electroporation was applied. Intracellular BMPs are not produced when strain AMB-1 is grown under aerobic conditions. Even though electroporation was performed with cells grown aerobically, transformants screened under anaerobic conditions retained the ability to synthesize BMPs. Electroporation was performed with a Gene Pulser (Bio-Rad Laboratories, Richmond, Calif.), at a capacitance of 25 F and a resistance of 200 ⍀, and 0.1-cm cuvettes. Aerobically grown M. magneticum AMB-1 was harvested and washed with 10 mM TES [N-tris(hydroxymethyl) methyl-2-aminoethanesulfonic acid] buffer containing 272 mM sucrose (pH 7.5) and resuspended in the same buffer at 10 cells/ml. A 50-l cell suspension was aliquoted as electrocompetent cells. The cells were subjected to single-pulse electroporation and immediately transferred to 500 l of magnetic Spirillum growth medium (MSGM) supplemented with 20 mM Mg 2ϩ and incubated at 27°C overnight with shaking at 100 rpm. Cells were diluted in 5 ml of MSGM containing 0.7% agar and plated on 1% agar in MSGM containing 5 g of ampicillin per ml or 2.5 g of kanamycin per ml and incubated under anaerobic conditions. M. magneticum cells containing magnetic particles did not survive after the application of an electric pulse. On the other hand, the survival percentage of aerobically cultured cells, which do not produce intracellular magnetic particles, after application of a pulse was 10% of the number of CFU of aerobically cultured cells that had not been pulsed. Furthermore, the maximum transformation efficiency of 9.6 ϫ 10 5 colonies/g of DNA was obtained at 10 kV/cm (Fig. 2) . Transformation efficiency increased 10-fold after addition of Mg 2ϩ under aerobic conditions with gentle shaking to allow the cells to recover.
The copy number of plasmid pUMG in M. magneticum AMB-1 was measured. Five nanograms of pACYC184 (Cm r , 4,244 bp), which was used as the standard for plasmid extraction efficiency, was added to harvested transformant cells harboring pUMG (Ap r , 6,327 bp) or pRK415 (Tc r , 10.5 kbp). After extraction, the plasmid mixture was transformed into E. coli DH5␣MCR. The copy number was calculated from the following equation: copy number of pUMG ϭ (number of Ap r or Tc r colonies/number of Cm r colonies) ϫ (molecular number of 5 ng of pACYC184/cell number). The copy number of pUMG containing the replicon of pMGT in AMB-1 was 39 Ϯ 10 copies/cell, whereas the vector pRK415 yielded only 3 Ϯ 1 copies/cell.
Evaluation of pUMG as an expression vector was carried out through a reporter-luciferase expression system. The plasmid designated pMCML (10.0 kb, Tc r ) was constructed by the following procedure (Fig. 3) . pGV-magA was constructed by ligating the magA gene promoter at the 5Ј end of the luciferase gene (luc) in pGV-CS (Toyo Inki, Tokyo, Japan). pGV-magA was digested with HindIII and XhoI and ligated to pUMG at the same sites. Constructed plasmid pMCML and previously constructed plasmid pKML, both containing PmagA-magA-luc (12), were introduced into AMB-1 by conjugation (5). BMPs from transformants harboring pMCML or pKML were extracted and purified as described by Nakamura et al. (12) . Luciferase activities on BMPs from cells harboring pMCML were five times higher than those on BMPs from cells harboring pKML (85,200 and 16,200 counts/mg of BMPs, respectively). These results indicated that a higher vector copy number resulted in higher protein expression. The plasmid containing the replicon of pMGT is more favorable for the production of useful proteins on BMPs.
Plasmid pUMG, containing the pMGT replicon, showed stability and a high copy number and allowed higher expression of the reporter gene. These results are useful in improving the mass production of BMPs and protein A displayed on BMPs in batch-fed cultures, as we have previously described (9, 23) . The data obtained from this study may be used to meet other challenges in nanobiotechnology, like the manufacturing of more sophisticated and highly efficient biosensors and biomaterials at the nanoscale level that are useful in interdisciplinary fields.
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